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The magnetic ground states of the isostructural double perovskites Ba2NaOsO6 and Ba2LiOsO6
are investigated with muon-spin relaxation. In Ba2NaOsO6 long-range magnetic order is detected via
the onset of a spontaneous muon-spin precession signal below Tc = 7.2± 0.2 K, while in Ba2LiOsO6
a static but spatially-disordered internal field is found below 8 K. A novel probabilistic argument is
used to show from the observed precession frequencies that the magnetic ground state in Ba2NaOsO6
is most likely to be low-moment (≈ 0.2µB) ferromagnetism and not canted antiferromagnetism.
Ba2LiOsO6 is antiferromagnetic and we find a spin-flop transition at 5.5T. A reduced osmium
moment is common to both compounds, probably arising from a combination of spin-orbit coupling
and frustration.
I. INTRODUCTION
Metal oxides containing 5d transition metal ions
provide a wealth of novel magnetic behavior in which
orbital, charge and spin degrees of freedom play a
rôle. The varied properties observed are due in
part to the extended character of the 5d orbitals,
reducing the effects of electron correlation. More-
over, the larger spin-orbit coupling in 5d oxides con-
tributes to a balance of competing energy scales sub-
stantially different from that in the more familiar
3d transition metal oxides. In this context, osmium
compounds provide a number of interesting exam-
ples. Though OsO2, SrOsO3 and BaOsO3 [all con-
taining Os4+ (5d4)] are Pauli paramagnets1, double
perovskites of the form Ba2(Na, Li)OsO6 [containing
Os7+ (5d1), with ions arranged on a face-centred cu-
bic (fcc) lattice] exhibit Mott-insulating, S = 1
2
local-
moment behaviour2,3. However, the insulator barium
sodium osmate (Ba2NaOsO6) has drawn particular at-
tention4 due to its seemingly contradictory combina-
tion of negative Weiss temperature (≈ −10 K) and yet
weak ferromagnetic moment (≈ 0.2µB/formula unit)
below Tc ≈ 7 K. This contrasts with the isostruc-
tural Ba2LiOsO6, which has both a negative Weiss
temperature and no ferromagnetic moment2,5. The
high-temperature paramagnetic moment µeff ≈ 0.6µB
in Ba2NaOsO6 is also indicative of substantial spin-
orbit coupling4.
The double-perovskite structure of Ba2NaOsO6 is
shown in Fig. 1(a); note that sodium and osmium
ions inhabit alternate oxygen octahedra. The neg-
ative Weiss constant raises the possibility that the
material is a canted antiferromagnet, although first-
principles density functional theory electronic struc-
ture calculations indicate that a ferromagnetic state
has lower energy6. The large hybridization between
the osmium 5d and oxygen 2p orbitals leads to a very
large crystal field splitting (several eV) between the
Figure 1: (a) Double-perovskite crystal structure. Al-
ternation of OsO6 octahedra (top left and bottom right)
and NaO6 octahedra, with barium ions occupying the re-
maining space. (b) Magnetization measured at 2K in a
SQUID magnetometer for Ba2MOsO6. (c) Magnetization
measured at 4K in pulsed field for Ba2LiOsO6, calibrated
against the SQUID magnetization data. Data from a 45T
shot (dashed line) are noisier than those from a 25T shot
(solid line) but show no evidence for additional magnetic
transitions.
eg and t2g bands. It has been suggested that the low
moment arises from a partial cancellation of orbital
and spin angular momenta in the occupied spin-up t2g
band6. A ferromagnetic phase in ordered double per-
ovskites (with moments along [110]) is also predicted
from a mean-field treatment of the orbital-dependent
exchange for certain values of parameters in a model
Hamiltonian7. An alternative mechanism8 involves
the frustration of both the antiferromagnetic inter-
actions and the orbital ordering by the fcc lattice,
resulting in a delicate balance of interactions which
favors ferromagnetism for Ba2NaOsO6, but antiferro-
magnetism for Ba2LiOsO6. In view of these compet-
ing explanations, further experimental data which can
distinguish between different magnetic configurations
2are desirable. We have used muon-spin relaxation
(µ+SR) as a local probe of magnetism in Ba2NaOsO6,
and find that our data are consistent with the devel-
opment of long-range ferromagnetic order with a re-
duced moment. A similarly reduced moment is likely
for Ba2LiOsO6.
II. EXPERIMENTAL
Crystallites of Ba2NaOsO6 and Ba2LiOsO6 were
grown using a flux method2. Powders of Os (99.8%),
Ba(OH)2·8H2O (98%) and high-purity NaOH·H2O
(99.996%) or LiOH (99.995%) and KOH (99.99%)
were mixed in the ratio 1:2.1:300 or 1:2.1:140:75 re-
spectively. These mixtures were each placed in an
alumina crucible inside a thick quartz tube which was
inserted into a 600◦C pre-heated tube furnace where
it was held for 3 days. The furnace was then rapidly
cooled to room temperature and small single crystals
were harvested from each crucible. Our muon ex-
periments used a very large number of these crystals
without alignment. Magnetization [Fig. 1(b)] and sus-
ceptibility (not shown) measurements using a SQUID
magnetometer are consistent with earlier work2,4 but
also reveal a spin-flop transition in Ba2LiOsO6 at
around 5.5T. Pulsed field magnetometry revealed no
additional transitions up to 45T [Fig. 1(c)].
In a µ+SR experiment9, spin-polarized positive
muons are implanted into a sample. The muons usu-
ally stop in sites with high electron density. Their
spins precess around the local magnetic field with
a frequency ν = γµ|B|/2pi where γµ = 2pi ×
135.5 MHzT−1 is the muon gyromagnetic ratio.
Muons are unstable with mean lifetime 2.2 µs, and de-
cay into a positron and two neutrinos, the former be-
ing preferentially emitted along the direction of muon
spin. Detectors record the direction of positron emis-
sion, whose time dependence tracks the ensemble of
muon spins rotating around their respective local B-
fields. In these experiments, the detectors are di-
vided into a forward (F) and backward (B) detec-
tor bank, and the direction of preferential positron
emission is represented by the asymmetry between
NF(t) and NB(t), the number of positrons detected
in each detector bank as a function of time. The
asymmetry function, which is proportional to the
spin polarisation of the muon ensemble, is defined as
A(t) = [NF(t) − αNB(t)]/[NF(t) + αNB(t)], where α
is an experimentally-determined parameter dependent
on apparatus geometry and detector efficiency.
Our µ+SR measurements were performed using the
General Purpose Surface-Muon Instrument at the
Swiss Muon Source (SµS), Paul Scherrer Institut,
Switzerland. Samples were wrapped in 25 µm Ag foil
and mounted on a ‘flypast’ holder comprising two sil-
ver prongs, thereby minimizing the background signal.
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Figure 2: Muon data above and below the magnetic tran-
sition for (a) Ba2LiOsO6 and (b) Ba2NaOsO6. The inset
to (a) shows the temperature dependence of the Gaussian
relaxation rate in Ba2LiOsO6 (the solid line is a best fit to
a phenomenological [1 − (T/TN)
α)]β form, see text). The
1.5K data in (a) can be fitted to either an exponentially-
damped Kubo-Toyabe function (green dashed line) or an
exponentially-damped oscillation plus a fast-relaxing com-
ponent (black solid line). Fits in (b) are described in the
text.
III. RESULTS
Typical zero-field µ+SR spectra measured above
and below the transition temperature Tc are shown
in Fig. 2 for both Ba2LiOsO6 and Ba2NaOsO6. For
Ba2LiOsO6, a single, heavily-damped oscillation is
present at low temperature, signifying a static but
spatially-disordered spontaneous field. At higher tem-
perature the relaxation is Gaussian, signifying the
paramagnetic state. Focussing only on the early-time
relaxation and plotting the relaxation rate (crudely
parametrizing the development of static fields) as a
function of temperature [inset to Fig. 2(a)] displays
the magnetic transition at 8K. For Ba2NaOsO6, two
damped oscillations are clearly visible at low tempera-
ture, demonstrating the existence of a transition to a
state of long-range magnetic order. Just above the
transition the relaxation is exponential [Fig. 2(b)],
but becomes Gaussian at higher temperatures (not
shown). Data below the transition were fitted to
A(t) =
[
2∑
i=1
Aie
−λit cos 2piνit+A3e
−λ3t
]
+A0e
−λ0t,
(1)
where the terms in square brackets represent muons
which stop inside the sample. These comprise two os-
cillatory components (reflecting those components of
the initial muon spin polarization aligned transverse
to the direction of the quasistatic local magnetic field
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Figure 3: The frequency ν(T ) extracted from fits to A(t)
spectra as a function of sample temperature T , along with
fits to various models (see text). Data are only shown
for the larger frequency ν1 because ν2 was held in fixed
proportion during fitting (see text).
at the muon sites) and a non-oscillatory component.
The final term in Eq. (1) accounts for a background
signal from those muons that stop in the silver sam-
ple holder or cryostat tails. The frequencies of the two
oscillatory components were held in fixed proportion
η = ν2/ν1 during fitting (thus we will now write ν1 ≡
ν and ν2 ≡ ην). The existence of two oscillatory com-
ponents most likely indicates two crystallographically-
similar muon sites, perhaps one nearer to the magnetic
Os ion and the other nearer the non-magnetic Na ion.
The ratio of the probabilities of stopping in the two
oscillating states is A2/A1 = 0.19±0.02. Our fits yield
A3/A2 = 0.92± 0.01, ν(T → 0) = 3.9± 0.1 MHz and
η = 0.4 ± 0.05. The relaxation rate λ1 ≈ 2 MHz at
low temperature and diverges as the transition is ap-
proached from below. The second frequency is more
strongly broadened; we find λ2 ≈ 4 MHz which does
not vary significantly as a function of temperature. λ3
decreases from 1.6 ± 0.1 MHz at 1.5 K towards zero
at the transition temperature Tc. The temperature
dependence of ν was fitted to the phenomenological
form
ν(T ) = ν(0) [1− (T/Tc)
α
]
β
, (2)
with β fixed at 0.367, corresponding to the 3D Heisen-
berg model, yielding Tc = 7.2±0.2 K (Fig. 3). A sim-
ilarly good fit can be obtained using a Landau-type
parametrization of the equation of state of a ferro-
magnet [using Eq. (18) of Kuz’min10 with parameters
appropriate for Fe], yielding the same estimate of Tc.
The agreement with these latter two models is consis-
tent with three-dimensional ferromagnetic order.
IV. DISCUSSION
The data extracted from a µ+SR experiment can
be used to infer further information about the nature
of the magnetically-ordered state by examining the
local field at the muon site. Since the positive muon
seeks out areas of negative charge density, constraints
can be placed on the likely location of stopped muons.
Calculating the magnetic field at these plausible muon
sites and comparing it to |B| = 2piνi(0)/γµ, allows
the consistency of a suggested magnetic structure and
experiment to be checked. The magnetic field Blocal
at the muon site is given by
Blocal = B0+Bdipole+BL+Bdemag+Bhyperfine, (3)
where B0 represents the applied field (zero in our ex-
periments), Bdipole is the dipolar field from magnetic
ions, BL = µ0M/3 is the Lorentz field, Bdemag is
the demagnetizing field from the sample surface and
Bhyperfine is the contact hyperfine field caused by any
spin density overlapping with the muon wavefunction.
The dipolar field Bdipole is a function of the muon site
rµ and is composed of the vector sum of the fields from
each of the magnetic ions in the crystal, so that
Bdipole(rµ) = µ
∑
i
µ0
4pir3
[3(µˆi · rˆ)rˆ − µˆi] , (4)
where r = ri− rµ is the relative position of the muon
and the ith ion with magnetic moment µi = µµˆi, and
the sum is evaluated over a large sphere centred at rµ.
Dipole field simulations were performed for
Ba2NaOsO6 using a variety of magnetic models: fer-
romagnetism and antiferromagnetism (ignoring any
canting) with moments orientated along [0 0 1], [0 1 1]
and [1 1 1]. The muon site is not known and so we
adopt a probabilistic approach11,12. The metal ions
in this system are all positively charged, meaning
that the muon is unlikely to stop near them. In
other oxides, muons have been shown to stop around
0.1 nm from an O2− ion13. In our calculations, posi-
tions in the unit cell were generated at random and
dipole fields calculated at sites which were both ap-
proximately this distance from an oxygen ion (0.09 ≤
rµ–O ≤ 0.11 nm) and not too close to a positive ion
(rµ–+ ≥ 0.1 nm). The magnitudes of the resulting
fields were then converted into muon precession fre-
quencies, and the resulting histogram yields the prob-
ability density function (pdf) f(ν/µ), evaluated as a
function of precession frequency ν divided by osmium
moment µ (since the precession frequency scales with
the osmium moment). This analysis ignores contribu-
tions from the Lorentz field and demagnetizing field,
though these cancel each other to some extent and we
estimate them to be less than 2MHz. More difficult
to estimate is the importance of the contact hyperfine
field, Bhyperfine, which is neglected. Since the Os
7+
ion is both small and positively charged, this contri-
bution should not be significant and would be even
further reduced if µ is low.
Since ν is obtained from experiment, what we would
like to know is g(µ|ν), the pdf of µ given the observed
ν. This can be obtained from our calculated f(ν/µ)
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Figure 4: (a) Probability density functions (pdfs)
of the moment (µ) on the Os site in Ba2NaOsO6
inferred by Bayes’ theorem from dipole-field simu-
lations using representative trial magnetic structures
(FM=ferromagnetic, AFM=antiferromagnetic) and the
experimentally-observed frequencies. (b) Pdfs evaluated
using the constraint of a fixed ferromagnetic component
µ sinα = 0.2µB. Inset shows the assumed structure: anti-
ferromagnetic moments along mˆ rotated as shown by an
angle α about nˆ.
using Bayes’ theorem14, which yields
g(µ|ν) =
1
µ
f(ν/µ)∫ µmax
0
1
µ′
f(ν/µ′) dµ′
, (5)
where we have assumed a prior probability for the
osmium moment that is uniform between zero and
µmax. We take µmax = 1µB, although our results
are insensitive to the precise value of µmax as long as
it is reasonably large. When multiple frequencies νi
are present in the spectra, it is necessary to multiply
their probabilities of observation in order to obtain the
chance of their simultaneous observation, so we evalu-
ate g(µ|{νi}) ∝
∏
i
∫ νi+∆νi
νi−∆νi
f(νi/µ) dνi, where ∆νi is
the error on the fitted frequency.
The results of this are shown in Fig. 4(a), and show
that for all collinear magnetic structures considered
a low µ is overwhelmingly likely. Furthermore, for
the ferromagnetic case the most probable µ ≈ 0.2µB,
consistent with the magnetization measurements (the
AFM structures are also consistent with a low µ, but
are ruled out by the magnetization measurements).
An alternative method of testing the hypothesis of a
reduced moment is to consider possible canted struc-
tures in which moments are counter-rotated by an an-
gle α, subject to the constraint that µ sinα = 0.2µB.
The results are shown in Fig. 4(b) and are again con-
sistent with a reduced moment µ, certainly lower than
the high-temperature paramagnetic moment.
Thus, this probabilistic methodology suggests that
the small magnetic moment of ordered Ba2NaOsO6 is
likely to be true weak-moment ferromagnetism, rather
than an artifact of a canted magnetic structure with
larger moments. The moments in Ba2LiOsO6 appear
to be static but show a larger degree of disorder than
those of the Ba2NaOsO6 for T < TN. The local field
at the muon site (estimated from either the extracted
Kubo-Toyabe field distribution width or the damped
oscillation frequency) is ∼ 0.01T. A similar Bayesian
analysis (not shown) also yields a likely low moment
<
∼ 0.2µB, consistent with that measured in the spin-
flop state [Fig. 1(b,c)]. Thus a low moment is common
to both compounds. In contrast to BaIrO3, which
achieves a low ferromagnetic moment due to charge-
density wave formation15, in these compounds the ori-
gin must be rather different. It has been postulated6,8
that the d1 spin moment of Os is compensated by the
t2g L = 1 orbital moment induced by the very strong
spin-orbit coupling. Partial orbital quenching by the
environment is thought to destroy the perfect com-
pensation of the moment, leading to a small remaining
magnetic moment. However, an important complica-
tion7,8 is that the antiferromagnetic orbital-dependent
coupling between OsO6 clusters takes place on an fcc
lattice. It is therefore strongly frustrated and may
hence be responsible for the sensitivity of the ground
state to minor chemical changes, explaining the differ-
ence between the magnetic properties of isostructural
Ba2LiOsO6 and Ba2NaOsO6.
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